






















Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 18, 2017
Foraging behaviour and prey size spectra of larval herring Clupea harengus
Munk, Peter
Published in:




Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Munk, P. (1992). Foraging behaviour and prey size spectra of larval herring Clupea harengus. Marine Ecology -
Progress Series, 80(2-3), 149-158.
Vol. 80: 149-158, 1992 MARINE ECOLOGY PROGRESS SERIES Mar. Ecol. Prog. Ser. l Published March 3 
Foraging behaviour and prey size spectra of 
larval herring Clupea harengus 
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Danish Institute for Fisheries and Marine Research, Charlottenlund Castle, DK-2920 Charlottenlund, Denmark 
ABSTRACT: When fish increase in size, the size spectrum of ingested prey increases. This observation 
has led to the impression that the available food resource increases as fish grow. However, it has been 
proposed that the size spectrum of prey remains the same on a relative scale and, accordingly, that the 
available biomass of food as a proportion of the predator biomass will not increase. In order to assess 
the uniformity of relative prey size spectra of herring larvae and their background in larval foraging 
behaviour, a set of experimental and field investigations has been carried out. In the experiments, 4 size 
groups of larval herring Clupea harengus L, were studled when preying on 6 slze groups of copepods. 
Larval swimming and attack behaviour changed with prey size and were related to the ratio between 
prey length and larval length. The effective search rate showed a maximum when prey length was 
about 0.027 of larval length. In the field investigations, the relative prey size spectra of 6 size groups of 
larvae were described. The widths of these spectra were not significantly different and they all attained 
maxima when the relative length of prey was about 0 028 of larval length. Thus, larval foraging was, to 
a large extent, determined by the relative size of prey, with s~gnificant selection for the preferred sizes. 
Results imply that only a restricted part of the potential prey (sizes) is of value in larval foraging and 
consumption and that coincidence between prey size spectra and peaks in the biomass spectra of the 
environment is important to larval growth and survival. 
INTRODUCTION 
Ecological studies on larval fish have shown that 
growth of larvae varies significantly both temporally 
and spatially (e.g. Jones 1985, Suthers et al. 1989, 
Munk et al. 1991). In order to assess the correspon- 
dence between observed growth and abundance of 
prey, the density of zooplankton is often determined 
simultaneously with the sampling of fish larvae. How- 
ever, only a part of the size spectrum of zooplankters 
is available to the fish larvae, and inappropriate com- 
parison between irrelevant slze ranges of zooplankton 
and larvae has, in a number of cases, led to misinter- 
pretation of the relative distributions of larvae and 
their prey (Frank 1988). Actual availability of prey has 
to be considered, using information about the prey 
field of the larvae concerned. 
The prey field of larvae is determined by active and 
passive elements of their foraging. A number of models 
explaining the general processes in the prey-predator 
relationship have been proposed. Among the most 
O Inter-Research/Printed in Germany 
debated models are the Reactive Field Volume Model 
(RFVM), the Apparent Size Model (ASM) and the 
Optimal Diet Model (ODM). According to the RFVM, 
the fish take each prey as encountered and, because 
larger prey are sighted at greater distances, they will 
be taken more frequently than the smaller prey (Ware 
1972). The ASM, proposed by O'Brien et al. (1976), 
hypothesizes that the prey that appears largest in the 
visual field is selected, whereas according to the ODM 
fish actively select the prey most profitable in net 
energy gain (Schoener 1971, Pyke et al. 1977). 
In a number of studies, these theories have been 
tested and compared (e.g. Wetterer & Bishop 1985, 
Bence & Murdoch 1986) but no firm conclusion about 
general processes has yet been reached. It has become 
clear, however, that selection cannot be described by 
the RFVM alone. On the other hand, this theory, 
because of its simplicity, is well suited as a baseline 
against which observed preferences can be evaluated. 
Observations of prey preference under natural con- 
ditions are mainly based on analyses of gut contents. 
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Relative amounts of different prey sizes and types in Foraging behaviour of differently sized herring 
the gut are determined. The prey field has then often larvae were studied in a series of laboratory experi- 
been described by the range of prey sizes in the gut ments, while information on prey preference in the 
(e.g. Cohen & Lough 1983). However, range is a poor field was obtained from a comparison between 
measure statistically, because of its dependence on stomach contents of different size groups of larvae and 
sample sizes, and other problems arise when viewing the composition of zooplankton in the environment. 
prey size differences on absolute scales only. It is more 
appropriate to describe the prey field on a ratio scale, 
i.e. prey size in relation to predator size (Ursin 1973). MATERIALS AND METHODS 
Pearre (1986) suggested that the width of prey size 
spectra, using a ratio scale, should be considered. He Experiments. Four size groups of herring larvae 
defined an index ('SLH') as the standard deviation of Clupea harengus L. were used in the experiments (see 
logarithmically transformed prey size data. In a review Table 1). Rearing of larvae took place in black, circular 
of the literature on predator/prey relationships, Pearre tanks of 600 1 capacity. In the rearing period, before 
(1986) found no evidence for variation in the SLH onset of experiments, larvae were fed a mixed diet of 
index related to predator size. copepods cultivated according to the technique descri- 
The aim of the present study is to assess the applic- bed by Stattrup et al. (1986). In the experimental 
ability of the ratio scale in the description of prey- period, cohorts of uniformly sized Acartia tonsa and 
predator relationships of herring larvae. Larval fora- Calanus finmarchicus were raised. Experiments took 
ging and diet are investigated in order to: (1) evaluate place in black, circular tanks of 600 1 or 200 1 (the 200 1 
the variation in larval search for prey and the size pref- only for the smallest size group of larvae), at a tem- 
erence in relation to relative prey size, and (2) evaluate perature of 10 "C f 0.5 "C, and salinity of 29 %o. Tanks 
whether constraints in the ability to search and catch were lit by cool-white fluorescent light-tubes to 
prey determine prey preference in the field. 30 pm01 m-' S-' (ca 300 lux) at the surface. 
Table 1. Clupea harengus. Experiments on the foraging of larval herring. Behavior of 4 size groups of larvae, observed at differ- 
ent sizes of prey (the copepods Acartia tonsa and Calanus finmarchicus). Values in brackets are calculated using swimming speed 
estimates as decribed in the text 
Larval Copepod Length Clearance based Attack Clearance (C) Swimming Curvature of Mean distance 
length length ratio on attacks (CA) success (Mean) speed (SS) swimming of reaction 
(Mean + SD) (nominal) Cop./Larv. (Mean t SD) (AS) path to attack 
(mm) (mm) ("/.) (1 min-l) (%) ( I  min.') (mm S- ' )  (% deviation) (mm) 
No prey - - - - 170.2 9 - 
0.1 0.22 0.17 t 0.05 - 0.17 143.4 10 3.5 
0.2 0.45 0 54 t 0.21 0.54 - - - 
44.8 ? 3.1 0.4 0.89 2.3 ? 0.68 2.3 121.0 32 14.2 
0.8 1.79 5.2 ? 0.49 - 5.2 89.6 29 24 8 
1.5 3.35 17.3 2 8.2 59 10.2 125.4 78 38.3 
2.2 4.91 19.0 _+ 4.8 50 9.5 138.9 49 38.1 
No prey - - - - 121.6 5 - 
0 1 0.30 0.21 f 0.06 0.21 144.1 5 3 9 
0.2 0.60 0.48 f 0.10 0.48 103 9 11 7.0 
33.5 f 2.8 0.4 1.19 3.6 f 1.1 - 3.6 60.3 20 25 2 
0.8 2.39 4.8 ? 1.1 - 4.8 73.7 5 1 26.3 
1.5 4.48 7.8 + 2.4 49 3.8 73.7 4 1 33.5 
2.2 6.57 9 4 t 0.7 29 2 7 83.8 17 34.5 
No prey - - - - 19.5 16 - 
0.1 0.57 0.05 f 0.007 - 0.05 20.0 28 5.2 
17.7 f 1.4 0.2 1.13 0.09 f 0.009 - 0.09 14.0 22 8.3 
0.4 2.23 0.12 2 0.014 87 0.10 13.8 30 9.6 
0.8 4.52 0.08 + 0.020 4 3 0.03 14.9 2 1 7.5 
1.5 8.48 - - 0 0 - - 
0.1 0.74 0.015 + 0.003 100 0.015 (3.3) 
13.5 ? 1.4 0.2 1.48 0.04 1 k 0.008 90 0.037 (6.4) 
0.4 2.96 0.036 f 0.008 7 8 0.028 (6.01 
0.6 4.44 0.028 f 0.010 34 0 010 - (5.1) 
- 
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The experimental procedure for a single experiment 
was as follows: 
A given size group of larvae was offered a given size 
group of prey. This prey size was used in the feeding 
procedure for some days and, in order to attain a high 
level of hunger, it was ensured that the prey was 
grazed down about 18 h prior to onset of experiments. 
At the start of experiments, a given number of prey 
was added to the tank. The water was stirred gently 
and 5 to 10 samples of 5 l each were taken from the 
upper water layer. Copepods were counted and the 
mean density estimated. The length of cephalothorax 
were measured on a subsample of 10 copepods. 
Observations on larvae were initiated shortly after 
the prey sampling. Larval swimming behaviour was 
recorded using a video-camera mounted above the 
tank with focus 15 cm below water surface; whereas 
larval feeding behaviour was monitored by direct 
visual observation. Attack rate and duration were ob- 
served in 1 min sequences on randomly selected larvae 
in the tank. Attacks were identified as S-shaping of the 
body, followed by a burst forward. In some of the prey 
size/larval size combinations, the ingestion of prey 
could be followed and determination of attack success 
was possible. The number of attacks within each of 2 
consecutive 5 min periods was registered. After these 
2 periods, a final estimate of prey density was made. 
In later calculations (see below) the first 5 min period 
was related to the initial estimate of prey density, 
whereas the second period was related to the final 
density estimate. 
The experimental procedure was repeated for all 
larval size/prey size con~binations until about eight 
5 min observations were obtained for each combina- 
tion (only 4 when using Calanus finmarchicus). 
The percentage of attacks that resulted in ingestion 
(attack success, AS) was estimated independently from 
a series of observations on attacking larvae. Success 
was evaluated either from an appearance of copepods 
in the translucent gut (for the 2 groups of smaller 
larvae) or from a disapperance of the attacked copepod 
(the 2 groups of larger larvae attacking the larger 
copepods). 
Swimming speed (SS) was estimated by measuring 
larval movement from video-frame to video-frame 
(1/25 s between each) of individual larvae in focus 
(Fig. 1). Distances were related to body length. The 
time spent in attack postures was not included in 
the estimation of mean swimming speed. A relative 
measure of the turning rate of larvae (the curvature of 
swimming path) was calculated as the length of a 
swimming path divided by the linear distance from 
start to end of path. 
The intensity of larval search for prey is described by 
the imaginary volume of water the larvae are able 
Fig. 1. Clupea harengus. Examples of swimming paths of 
larvae during experiments. Larvae from the 33.5 mm group 
are viewed from above, and the dots illustrate movement of 
their heads in 1/25 S steps. The 2 larvae with straight paths 
were experiencing a prey length of 100 pm, the other larvae a 
prey length of 800 pm. Arrows indicate onset of prey attacks 
to 'clear' of prey within a certain time interval. A 
clearance (vol. time-'), comparable to clearance of 
filtering zooplankters (e.g. Frost 1972), was calculated. 
The procedure was to first calculate a clearance based 
on the observed attacks, and thereafter to calculate 
actual clearance by considering the independent esti- 
mate of attack success (AS), thus: 
Clearance based on attacks (CA) = [no, of attacks]/ 
[(obs. time - duration of attacks) x prey density] (1) 
Clearance (C) = CA X AS. ( 2 )  
The mean distance from the larva to prey that is 
ultimately attacked (with or without success) was 
assessed. Here it was assumed that only one prey item 
was potentially available at a time, and that larvae re- 
act only to prey above and in front of the head (Rosent- 
ha1 & Hempel 1970), thus: 
Mean distance of reaction leading 
to attack (MDR) = (2 CA/T SS)lJ2 
where SS = swimming speed. 
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Table 2. Clupea harengus. Field samples used in analysis of stomach content of larvae. Two length groups were separated at 
each station 
Station Sampling date Sampling position Standard length of larval groups (mm) 
Preserved Correcteda 
Mean k SD Mean i. SD 
1 1 Dec 1987 57'15' N. 0'00 14.0 f 1.0 17.5 f 1.3 
17.8 f 1.6 22.3 2 2.0 
2 4 Dec 1987 58' 15' N, 0'30' E 18.5 f 0.5 23.1 ? 0.9 
20.8 f 0.6 26.0 k 0.8 
3 3 Mar 1988 55'15' N. 5'30' E 24.3 + 0.9 30.4 + 1.1 
29.4 f 1.3 36.8 + 1.6 
aCorrected allowlng for 20 % shrinkage 
Field material. Sampling of larvae and their 
potential prey took place during 2 cruises in the North 
Sea in November 1987 and February 1988. Three 
stations were selected for detailed analysis of prey size 
spectra (Table 2). Larvae were sampled in late after- 
noon using a fine meshed midwater trawl and pre- 
served in 4 % formalin. Later, larval guts were dis- 
sected and copepod cephalothorax remains identified. 
Standard length of larvae and cephalothorax length of 
copepods were measured using an ocular micrometer 
(within 1/10 and 1/100 mm respectively). Lengths of 
larvae were calibrated to live length using an esti- 
mated shrinkage of 20% (Blaxter 1971). 
Field samples of copepods were collected by a sub- 
mersible pump which pumped into a net of 30 pm 
mesh size. Flow rate was 0.5 m S-' at  the net opening of 
0.1 m2. Samples were depth-integrated by lowering 
the pump slowly through the water column and about 
17 m3 were pumped at each station. Samples were 
preserved in 4 % formalin and later zooplankters in 
subsamples were identified and the cephalothorax 
length of copepods measured (within 20 pm intervals). 
An index of prey preference (a)  was calculated 
(Chesson 1978): 
a, = (d,/p,)/(xdi/pi), for i = l ..., n 
where d, = the portion, in terms of numbers, of prey 
size j in the gut; p, = the portion of prey size j in the 
environment. 
RESULTS 
Larval foraging during experiments 
All groups of larvae continuously swardsearched 
during experiments. However, the swimming mode 
differed between smaller and larger larvae. While the 
former swam in the undulating mode described by 
Rosenthal (1968), the latter 'cruised' with less prom- 
inent undulation of the body. The swimming speeds 
of 3 of the larval groups are shown in Table 1 and 
Fig. 2a. Over the range of prey size combinations, the 
swimming speed in body lengths per second (BL S-') 
generally increased with larval size. The mean of 
swimming speeds at prey/larval length ratios larger 
than 0.007 showed a linear relationship on an absolute 
scale: Swimming speed (mm S-') = -54.5 + 3.8 larval 
length (mm), r2 = 0.99, n = 3. Swimming speed was also 
related to prey size, showing a minimum at a prey- 
larval length ratio of about 0.015. This variation was 
correlated to variation in attack rate (p < 0.002). which 
indicated that the effect stems from the interruption of 
swimming while larvae attack prey. 
Mode of larval swimming differed between experi- 
ments. When prey was absent or of a very small 
relative size, larvae followed a fairly straight swim- 
ming path. At larger relative prey sizes, however, more 
curved paths were followed (see examples in Fig. 1). 
The degree of curvature is here expressed as the 
percent extra distance compared to the straight route 
(Table 1 and Fig. 2b). Larvae showed the most curved 
swimming path when prey length was about 0.025 of 
larval length. This behavioural characteristic was not 
related to attack rate (p>0.6), but was correlated to 
mean distance of reaction, MDR (p < 0.03). 
Clearances estimated from Eq.  (2 )  are shown in 
Table 1 and Fig. 3. In experiments where no estimate 
of attack success was available, 100 % success was 
assumed. The clearance of all size groups of larvae 
increased with prey size until a given prey size and 
subsequently declined. Maximum was about 0.04 1 
min-' for the smallest larvae, and about 10 1 min-' for 
the largest larvae. The prey size at which maximal 
clearance was attained (here referred to as optimal 
prey size) increased with larval size. In a regression 
of optimal prey lengths against larval lengths, the 
intercept was not different from zero (p  > 0.17) and the 
following relationship was attained: Optimal prey 
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Prey length/lal.val length 
Prey  length/la~-val length 
Fig. 2. Clupea harengus. Swimming behaviour of larvae 
durlng experiments. (a)  Variation in swimming speed (body 
lengths per second), observed at  different ratios of prey to 
larval length. Left axis refers to the 44.8 mm group ( o . . . . . o )  and 
the 33.5 mm group (~4). Right axis refers to the 17.7 mm 
group (0----U). (b)Variation in curvature of the swimming path, 
measured as the extra distance compared to the straight path 
observed at different ratios of prey to larval length. Symbols 
as in (a) 
length (mm, cephalothorax length of copepods) = 0.028 
larval length (mm, live standard length), r2 = 0.97, n = 4.  
Estimates of clearances are based on the assumption 
that, while larvae are hungry, feeding rate will be 
linearly related to prey density (i.e. that estimates 
of clearances are independent of prey density). The 
validity of this assumption was investigated in a 
covariance test of the prey density effect on clearance 
in 11 prey/larval length combinations. The effect of the 
density was insignificant (p > 0.79). 
The mean distance of reaction leading to attack 
was calculated using Eq. (3). In Table 1,  distances 
are given in mm. In Fig. 4 ,  they are shown in units of 
body lengths against the prey/larval length ratio. In 
0.001 0 01 0 1 
Prey l eng th / l a rva l  l e n g t h  
Fig. 3. Clupea harengus. Relative clearance estimates (% of 
maximum clearance) for larvae during experiments. Variation 
in relative clearance a s  a function of the ratio of prey length to 
larval length. Line types refer to larval size groups: 44.8 mm 
(- - -), 33.5 mm (....), l ? . ?  mm (- . - . -) and 13.5 mm (-) 
the figure, values from either the 2 smaller-sized or 
the 2 larger-sized groups are  connected by eye-fitted 
lines. At the smallest relative prey sizes (relative 
size<O.Ol?), the mean distances of reaction showed 
approximately the same relationship to relative prey 
size for all larval size groups; above this size, groups 
showed different relationships and these deviated 
from linearity. While a reactive distance based on 
perception is expected to increase linearity with prey 
size (Schmidt & O'Brien 1982), the observations illus- 
trate that a decreasing percentage of the perceived 
0.0 
0 00 0.02 0.04 0.06 0.08 
Prey l eng th / l a rva l  l e n g t h  
Fig. 4. Clupea harengus. Mean reaction distance of larvae 
estimated at  different ratios of prey to larval length. Symbols 
refer to larval size groups: 44.8 mm (o), 33.5 mm (o), 17.7 mm 
(M) and 13.5 mm ( A ) .  Values for the 2 larger-sized groups 
(open symbols) and for the 2 smaller-sized groups (filled 
symbols) are  connected by eye-fitted lines 
154 Mar. Ecol. Prog. Ser. 80: 149-158, 1992 
prey were attacked. In the experiments with the 2 
smaller-sized larval groups, the deviation is seen at a 
prey/larval length ratio smaller than for the 2 larger- 
sized groups. This is consistent with unquantified 
observations made of attack postures that do not lead 
to an attack. The smaller larvae frequently gave up a 
perceived (and approached) prey, whereas this was 
seldomly observed in the larger sized groups. The 
larger larvae in some cases attacked the same prey 
several times, a behaviour never seen in the experi- 
ments with smaller larvae. 
Attack success declined when the relative prey 
size increased (Table 1, Fig. 5). The relationship is 
described by a linear regression for all observations: 
Attack success = 1.1 - 13.6 (prey length/larval length), 
r2 = 0.82, n = 11. 
Fie!c! observations 
The size distributions of the copepods found in larval 
guts are shown for 6 size groups of larvae in Fig. 6a 
to f .  Logarithmic length intervals are used. Each size 
distribution accumulates to 100 O/O and is based on 
about 50 prey items. In Fig. 6g to i, the measured 
densities and biomass of copepods are shown within 
the same intervals. At all 3 stations, the density of 
copepods declined with increase in size. Conse- 
quently, the distributions of prey size preference 
(Eq. 4) also shown in Fig. 6a to f are shifted to the right 
compared to the size distribution of gut contents. Both 
mean length of preferred prey (optimal prey length) 
and mean length of prey in gut are linearly related to 
larval length (Flg. 7). The intercept in a regression of 
Prey  l eng th / l a rva l  Icngth 
Fig. 5. Clupea hareagus. Success of attacks by larvae in ex- 
periments. Variation in the percentage of attacks that leads to 
consumption, shown against relative prey size. Symbols refer 
to larval size groups: 44.8 mm (0). 33.5 mm (o) ,  17.7 mm (a] 
and 13.5 mm ( A ) .  A linear regression for all data is shown 
optimal prey size against larval size did not differ 
significantly from zero (p > 0.6), and a regression 
forced through the origin reveals: Prey length (mm, 
cephalothorax length) = 0.027 larval length (mm, 
standard converted to live length). 
Accordingly, when preference is scaled as percent- 
age of the maximal preference, the heights of size 
spectra fall together on the scale of prey /larval length 
ratios (Fig. 8).The width of prey size spectra, expressed 
as the standard deviation of log-transformed prey size 
data (SLH index), was not significantly related to larval 
size. The SLH indices are, when using gut content or 
prey preference, 0.1 18 and 0.102, respectively. 
DISCUSSION 
The observations on larval foraging behaviour 
showed that the functional relationship between 
search rate and relative prey size was mainly deter- 
mined by 4 components of larval behaviour: (1) per- 
ception distance, (2) the probability that perception led 
to attack, (3) the probabhty of successful attack, and 
(4) the swimming speed. 
The estimated distance of reaction leading to an 
attack emphasizes both the recognition of a prey 
item and the probability that this will be attacked. 
Data from an earlier study (Munk & Kiarboe 1985) 
showed that from 40 to 90 % of perceptions are 
followed by an attack, and the smaller the relative prey 
size the larger the probability of attack. The variation 
in the probability is also evident from the observed 
changes in the distance of reaction to attack (Fig. 4).  
The differences between larval groups might be 
related to enhanced visual acuity and enhanced 
larval manoeuverability. 
Attack success was directly related to relative prey 
size, irrespective of larval size. Attack success ap- 
proached zero at relative prey sizes of 0.08, and 
thereby determined an upper limit of effective search. 
Rosenthal (1969) found a direct relationship between 
attack success, age and length in experiments using 
prey of the same size. This is consistent with the drect  
relationship to relative prey size descnbed here. The 
probabilities of success are similar to the values given 
in an earlier study (Kiarboe & Munk 1986) when com- 
pared at the same relative prey sizes. 
Swimming speed is important in determining the 
attainable search rate and to a large extent responsi- 
ble for the higher absolute search rate of the larger 
larvae (at a given prey size). The observed decline in 
swimming speed with increased prey size was related 
to differences in attack rates. The more attacks, the 
slower the speed. This influence probably stems from 
the disruption of continued swimming whlle per- 
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Flg. 6. Field sampling of larval herring Clupea harengus and copepods. All bars in figures represent logarithmic intervals of 
copepod lengths (midpoints at  tickmarks). (a) to ( f )  Relative amount of copepods in guts of larvae, illustrated by shaded bars read 
on the left axis: preference of copepod length illustrated by solid bars read on the right axis. Each flgure represents data for 1 size 
group of larvae sampled at  1 station (Table 2) ;  larv.1 = mean length of larvae. (g) to (i) Density of copepods (no. 1-l) shown as 
shaded bars read at the left axis; biomass density of copepods (pg I - ' )  shown as solid bars read at  the right axis. Each figure 
represents data for a given station (Table 2)  
forming an attack, and a slower speed used while 
approaclung prey. On the other hand, the curvature 
of the swimming path was related to distance of 
attack-reaction to prey. Thus, t h s  component of 
larval foraging behaviour is influenced by size of 
prey. 
In interpreting the influence of relative prey size 
the variation in size is assumed to take place iso- 
metrically. However, the morphology of both larvae 
and prey varied within the size range used. For ex- 
ample, increase in length of herring larvae is accom- 
panied by a change in relative mouth size, fin devel- 
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15 20 2 5 30 35 
Length of larvae ( m m )  
Fig. 7. CIupea harengus. Mean and optimum prey size of 
larvae as observed from field sampling. Mean length of cope- 
pods !n the gut [o, .......,.. ) and copepod size of m s x i m u ~  
preference indices ( 0 ,  -) are shown against mean length 
of larvae in groups 
opment and body depth, whereas the copepods are in 
different stages (nauplii, copepodites). Prey charac- 
teristics related to stage or species of prey, such as 
contrast and escape ability, have been shown to influ- 
ence predator behaviour in a number of cases (e.g. 
Kislalioglu & Gibson 1976, Drenner et al. 1978, 
Checkley 1982). 
Thus, variation in morphological characteristics, 
along with the variation in length of larvae and prey, 
is expected to influence the relationship between 
foraging capabihty and relative prey size. However, 
the similarities among the relationships of clearance 
versus relative prey size determined for the 4 larval 
size groups (Fig. 3) indicate that relative prey size is of 
prime importance in determining larval foraging 
during experiments: first, the major restrictions to 
larval clearance - the decrease in reaction distance at 
the smaller relative sizes of prey and the decrease in 
attack success at  the larger relative prey sizes - were 
not related to larval mean size in the given range of 
relative prey sizes; second, maximal clearance of each 
size group was found at approximately the same 
relative prey size. 
The prey size spectra of preference in the field 
describe relative consumption (i.e. successful attacks) 
calibrated for differences in prey density. Thus, like 
the experimentally determined variation in clearance, 
these spectra express the intensity of successful search 
for prey along an axis of relative prey sizes. The major 
(and important) difference between the 2 is that the 
field material is based on larval search in mixed prey 
assemblages, where selection between different prey 
sizes is possible. 
0.01 0. L 
Prey length/larval length 
Fig. 8. Clupea harengus. Prey size spectra of larvae in the 
field. Spectra of preference for relative prey size shown on 
a !ogari!hrnic sca!e Maxima! preference eqca!s 100 ?h ir? 
each spectrum. Symbols indicate larval groups: 36 8 mm ( o ) ,  
30.4 mm (v), 26.0 mm (D), 23.1 mm (A), 22.3 mm (0) and 
17.5 mm ( 0 )  
When comparing the relative prey size spectra from 
the laboratory and the field (Figs. 3 & 8), both 
similarities and differences are evident. In both cases, 
the distributions approximate a log-normal distribu- 
tion, and their width and maxima are independent of 
larval size. Characteristics of larval behaviour deter- 
mining optimal prey size in the experiments are appa- 
rently valid for the field as well, because both sets of 
distributions (experimental and field) have their 
maxima w i t h  the same narrow range of relative prey 
sizes (0.025 to 0.030). On the other hand, the width of 
the distributions from the experiments are much larger 
than the width determined from field material. Ex- 
pressed in terms of SLH index, the experimentally 
determined distributions are about 3 times as wide as 
those from the field. This narrowing of prey size spec- 
tra from the field suggests a strong selection for the op- 
timal prey size, with larvae excluding the smallest and 
the largest prey sizes which they are capable of eating. 
It is possible that the smallest fraction was missed in 
the present analysis of stomach contents. In com- 
parable studies of the diet of herring larvae, prey items 
smaller than 200 pm were found in the gut (Sherman & 
Honey 1971). A failure to represent the lower tail of the 
distribution properly has some influence on the calcu- 
lation of the SLH index and could explain the differ- 
ence between the present calculations and the values 
given by Pearre (1986). Such a bias would not, how- 
ever, influence the main conclusion, that the ratio be- 
tween sizes of prey and larvae to a large extent deter- 
mines relative availability of prey, irrespective of larval 
size. 
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The possibility that larger larvae could use the prey 
items available to smaller larvae, plus additional larger 
prey items, has fostered the impression that the avail- 
able food resource increases as larvae grow. An 'effi- 
ciency of size' has been hypothesized (Brooks & Dod- 
son 1965). However, uniformity of relative prey size 
spectra, as illustrated in the present study, implies that, 
a pnori, the available biomass of food (as proportion of 
predator biomass) will not increase. 
Changes in prey availability during larval growth 
depend to a large extent on the distribution of zoo- 
plankton biomass by size. Sheldon et al. (1972) investi- 
gated the distribution of biomass by particle size and 
defined a biomass spectrum by the accumulated bio- 
mass within logarithmic intervals of size. He proposed 
that, within logarithmic intervals, essentially the same 
biomass is found. However, significant variations in 
biomass spectra are observed on regional and seasonal 
scales, as exemplified by the measurements in the 
present study (Fig. 6g to i ) .  The biomass of copepods, 
the dominant zooplankton prey of herring larvae, 
peaks within certain intervals and the trends are 
different between stations. Hence, coincidence be- 
tween prey size spectra of larvae and peaks in biomass 
spectra are potentially of great importance to larval 
growth and survival. The match between larvae and 
prey is the basis of much debated hypotheses, the 
'critical period' concept of Hjort (1914) and the 'match- 
mismatch' hypotheses of Cushing (1975). While these 
hypotheses direct attention to prey-larvae interactions 
in the very early stages, the present findings indicate 
that the match between larvae and an abundance of 
prey of appropriate size is of continued importance 
throughout larval life. 
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